We implemented a Six Sigma-based quality management program for the PACS to improve the quality of and lessen the necessary resources for its management.
he PACS is a computerized replacement for conventional radiologic film. There are several hundred PACS operating throughout the world and the number of hospitals introducing PACS is rapidly increasing, with the goal being a reduction in costs or an increase in productivity. Meanwhile, the issue of quality management has become important because a poorly performing PACS causes operational problems not only for the radiology department, but also for the facility as a whole. Therefore, maintaining the quality of the PACS is critical to maintaining the quality of the hospital itself.
The Six Sigma initiative is the latest quality improvement movement. Started at Motorola [1] , where it was focused primarily on the reduction of quality defects, it has rapidly propagated into many industries, including hospitals, where it has changed the environment and culture [2] [3] [4] . In brief, Six Sigma (6σ), referring to six SD, is a statistical representation of the variance in a process as compared with the acceptable tolerance window provided by the customer. This level of quality management, referred to as "zero defect," results in only 3.4 ppm outside of the customer specification limits.
Because of its low tolerance for error, the Six Sigma program is increasingly being adopted by the health care industry; therefore, we adopted a Six Sigma program to achieve a level of zero defects in PACS quality and to reduce the resources necessary for the management of the PACS.
Materials and Methods
We obtained the maintenance data of the PACS in Kyunghee University Hospital. The system is composed of a main server (ES40, Compaq), main storage (RA8000 & MA8000, HP), substorage (IBM NAS 226, IBM), backup media (LTO library, IBM), acquisition server (DL380, HP), server operating system (TRUE 64 UNIX, Compaq), database (Oracle 8i, Oracle), PC (Deskpro EN, Compaq), monitor (P900, Compaq), and PACS application program (PIVIEW 4.5, Infinitt).
From January 1, 2002, to December 31, 2002, roughly 294,000 studies were performed comprising 4.2 million images. The number of reported defects was 434; this includes both system errors and erroneous images.
A defect per unit (DPU) is measured as the number of reported defects in each element of PACS during a given operation time: 1 year in this report. The halt per time (HPT) is defined as the sum total of all halt time occurring in a given operation time. Some parts of PACS have a backup system to prevent catastrophic error, so HPT does not necessarily mean that PACS is not operating; therefore, we used actuarial halts per time (AHPT), defined as the sum of actuarial halt time occurring in a given operation time (8,760 hr/year). Sigma of each element was based on actuarial halts time (hour) during given operation time of each units. For example, the actuarial halt time for the monitors was 53 hr during 3,547,800 operation hours (8,760 hr × 405 sets). Based on AHPT, the sigma of each element with a reported defect was calculated in Microsoft Excel.
Suppose a customer wants the duration of system halt to be less than 0.1 hr (6 min) in a year. Based on 8,760 hr of operation time in a year, a 6-min duration of system halt means PACS is 99.9989% defect-free. A defect-free probability of 0.1 hr in a year is converted as (8,760 -0.1) / 8,760 = 0.999989. The "z value," or sigma capability, can be determined by the Microsoft Excel worksheet function "= normsinv(z)" where z is probability. The function "normsinv" returns the inverse of the cumulative standardized normal distribution in terms of sigma. The sigma in this example is 4.24.
Next, the appropriate "sigma shift" or "offset value" is determined because the reporting convention of Six Sigma requires the process capability to be reported in short-term sigma, which is calculated without assuming the presence of special variation. Usually the standard sigma shift value of 1.5 is used to account for the process shift [5] . Based on a value of 1.5, the process sigma "= normsinv (0.999989) + standard sigma shift (1.5) = 4.24 + 1.5 = 5.74" is drawn; therefore, a system halt duration of less than 0.1 hr in a year does not meet Six Sigma. To meet Six Sigma, the duration of system halt must not exceed 0.03 hr (108 sec) per year.
For the next step, the collected data were analyzed to build a process map, a type of cause-effect diagram, that describes the relationship of system elements to determine root causes of defects and to highlight opportunities for improvement ( Fig. 1) . The diagram is also called a "fish-bone chart," which is used to logically organize information for brainstorming methods of solving quality problems. Next, the level of resources needed for the maintenance of each element's quality was defined. The level of resource requirement was computed as the sum of the levels of the required human resources and the estimated cost of each element. We calculated the required human resources in man-hours, which are the number of committed human resources multiplied by time. To calculate the required man-hours, we used the fee structure of our hospital, as applied to information technology engineers, according to the specialties and their careers. The fee of a top-ranked technician is about fourfold higher than that of a primary technician. The fee was multiplied by the number of work hours. If a top-ranked technician and a primary technician work together for an hour, the number of man-hours is counted as 5. Human resource requirements were graded from level 1 (< 6 man-hours) to level 7 (> 42 man-hours). This scale assumes a 6-hr workday; thus, a level 7 assumes a full workweek for a primary technician. The element cost was graded from level 1 (< 1 million Won, $770 U.S.) to level 7 (> 7 million Won) according to the cost of hardware and software to manage each element.
In the next step, elements were allocated according to the sigma value and resource requirements in a vital-few diagram (Fig. 2) , derived from the Pareto chart. The term "vital few" indicates that many defects come from relatively few causes, similar to the 80/20 rule, which means 20% of events occupy 80% of results. Finally, the PACS maintenance strategy was revised on the basis of these results to effectively allocate resources.
Fig. 2-
The vital-few diagram shows the relationship between sigma level and resource requirement of each element of the PACS. The elements with low effect on sigma and high resource requirement (upper left quadrant) are mostly associated with PCs and monitors, which means that spending resources to prevent errors for this part is not cost-effective. On the contrary, the elements with high effect on sigma and less resource requirement (lower right quadrant) are mostly associated with hardware parts of the server and network, so the checkup schedule for this area was strengthened. The element numbers correspond to those in Table 2 .
Results
PCs (DPU was 297) and monitors (DPU was 48) accounted for 78% of the reported defects, but the AHPT of the total 331 PCs and 405 monitors were 239 and 297 hr, respectively. Because operation time is 8,760 hr for 1 year, the sigmas of PCs and monitors were 5.2676 σ and 5.6745 σ, respectively. On the other hand, the DPU of the server was only 29 and AHPT was 28 hr. However, the server's effect on sigma was greatest (4.2269 σ). The sigma of the network (4.3362 σ) and that of the gateway (4.701 σ) were also calculated and are available with all tested elements in Table 1 .
The collected data were analyzed to build a process map to identify a cause-effect relationship diagram (Fig. 1) . This fish-bone chart shows the cause and location of the defects and aids in determining where the resources should be located.
Resource requirements were determined on the basis of this diagram (Table 2) . Because the DPU was highest in PCs and monitors, we have concentrated more resources to minimize problems with PCs and monitors (13 and 11, respectively) rather than the server or the storage parts.
On the basis of these results, the elements were allocated according to the status of resource requirements and the level of sigma. Figure 2 shows which elements were major determinants for quality management.
The PACS checkup timetable for each item was revised according to collected data. We focused on the defects that have a large effect on sigma. For the defects of the PCs and monitors, which require high resources to prevent errors but have minimal effect on sigma, we promptly swapped the devices with backup PCs and monitors when errors occurred instead of attempting to fix them while in use. Because many of the reported defects of PCs and monitors come from the undereducated users, we created an education program for new users. We also decreased the rate at which we performed routine checkups on items that failed less often. We increased the rate of routine checkups on items that failed more often, such as the storage and network. Finally, the random access memories (RAM) in the PCs were upgraded to reduce network jam. After 6 months of the Six Sigma-based management, the overall resource requirement was improved to 79% of the previous requirements ( Table 2) .
Discussion
PACS is a mission-critical component of a hospital. Particularly in the case of large hospitals, the effect of errors in PACS on the institution is tremendous. At a minimum, it may cause patients discomfort, but it may also cause legal problems and economic burdens for the hospital [6] . Thus, hospitals using PACS should maintain quality control programs to ensure that all the processes and images are defect-free.
In this aspect, Six Sigma is suitable for health care because many health care processes require a near-zero tolerance for mistakes. However, establishing a Six Sigma program requires major human and capital resources for most hospitals [7] . Therefore, the adoption of Six Sigma in the health care industry is not as broad as in other industries. Nevertheless, Six Sigma has been adapted for the medical field in several studies [8, 9] . There is also pioneering research in the field of radiology [10] [11] [12] . Benedetto [11] reported the successful implementation of a project to dramatically improve the performance of its film library. Sigal et al. [12] used Six Sigma methodology to successfully implement PACS.
To the best of our knowledge, we are the first to report the introduction of a Six Sigma program for the quality management of PACS. With the increasing statistical power of Six Sigma, we were able to measure the effects of each element in the system on the quality of management. Furthermore, we defined the amount of resources necessary to identify and handle the corresponding defects. The strategies of PACS management in our hospital have been widely revised according to the results of this study. After 6 months of the Six Sigma-based management, the overall resource requirement was improved to 79% of the previous requirements.
We are now operating the revised quality management program throughout the system to maintain a Six Sigma level of quality, but there are several prerequisites to achieve this. The quality control team must address the underlying causes of error to make important changes, such as adopting new educational models, revising strategies of management, and encouraging the investment necessary for quality improvement. For the organization, an endless process of performance improvement is required throughout the system including policies, procedures, processes, infrastructure, personnel, and politics. The successful implementation and maintenance of the Six Sigma program needs organizationwide cooperation to succeed, but appears to be well worth the investment.
